China is the biggest provider of aquaculture products, and the industry is still growing rapidly. Further development of the sector will affect the provision of ecosystem services that maintain the livelihood of local populations. In particular, the current size and growth rate of China's mariculture has raised many environmental concerns, but very few studies of this sector have been conducted to date. Here, we report the resource use in the production of six main Chinese mariculture products (Larimichthys crocea, Apostichopus japonicus, Haliotis spp., Laminaria japonica, Gracilaria spp., Porphyra spp.), taking the city of Ningde as a case study. We used the life cycle assessment framework and the Cumulated Exergy Demand indicator to quantify resource use, and implemented a Monte Carlo simulation where model uncertainty was included using various methods. The mean exergy demand values of the production of one live-weight ton of large yellow croaker, sea cucumber, abalone, laminaria, gracilaria, and porphyra are 106 GJ eq., 65 GJ eq., 126 GJ eq., 0.25 GJ eq., 1.55 GJ eq., and 0.98 GJ eq., respectively. For animal products, 45-90% of the impacts come from the feed requirements, while in seaweed production, 83-99% of the impacts are linked to the fuel used in operation and maintenance activities. Policies oriented toward efficient resource management in the mariculture sector thus should take the farm design, input management, and spatial planning of marine areas as the main targets to guide current practices into more sustainable ones in the future. Improvements in all those aspects can effectively increase resource efficiency in local mariculture production and additionally reduce other environmental impacts both locally and globally.
Introduction
Aquaculture is an important sector in the food industry. It constitutes a source of both income and livelihood to 19.4 million people and it is currently among one of the main sources of growth in the food industry worldwide [1] . This is the result of the increase in the demand for aquatic products, the improvement of distribution channels, and the limited capacity of wild fisheries to meet the rising demand. This rapid growth has generated numerous concerns about the environmental impacts caused by this industry.
The development of aquaculture in coastal and marine locations has become a big issue in sustainable development. These areas have important ecological functions, including the support of fisheries and nursery habitats, the development of coastal land, the support of recreation, tourism, and retirement industries, the recycling of global materials, the transformation, detoxification, and sequestration of pollutants and societal wastes, the provision of cultural and future scientific values, and the provision of raw materials [2] [3] [4] . The expansion of aquaculture into these areas affects the local environment in several ways. First, it changes the land use and land cover both in the land and the sea [5] . Second, it increases the release of organic and chemical waste effluents as well as the risk of escaped species and diseases into the local environment [5] . Third, it aggravates the pressure on natural resources, such as water, energy, and land, both locally and globally [6, 7] . Resource overexploitation and environmental pollution by the development of the aquaculture industry thus will impair the function of all those ecosystems linked to the supply chain of aquaculture production. These negative consequences will also have socioeconomic impacts, because the welfare of the people involved in aquaculture activities depends on the productive capacity of these ecosystems to supply aquatic products in adequate quantities and with satisfactory quality. This supply constitutes both a direct subsistence resource and the source of income for many communities, particularly in underdeveloped areas [5, 8] . All these environmental impacts thus may harm these stocks of natural resources and aggravate poverty issues in the long term.
As the biggest provider of aquaculture products in the world, China is particularly vulnerable to these impacts [9] . As a result, some case studies of inland and coastal aquaculture have been conducted in this country from a systems perspective. Most of these publications have assessed the environmental burden of inland aquaculture systems [10] [11] [12] [13] [14] , which play a central role in the Chinese aquaculture and include important products, such as shrimp and tilapia [15, 16] . However, these studies have considered products farmed in fresh and brackish water systems, and very few have focused on the environmental impacts of Chinese mariculture. The impacts of these systems can be disproportionately large in relation to its production volume as a result of the dependence on wild fish for feed, the introduction and spread of invasive species, and the generation of marine pollution [17, 18] . The magnitude of the environmental impacts due to mariculture production is likely to increase in the next years due to the rapid expansion of the sector, with an average growth rate of 6% in the annual production between 2011 and 2016 [19] . This industry is expected to supply the majority of the total marine production in China in the future [20] , as the productivity of wild fisheries is not expected to increase [1] . Moreover, previous studies have already highlighted the impact of anthropogenic activities in the marine areas of China as being among the highest in the world [21] , and the Chinese Government is currently promoting policies to make this sector, and aquaculture production in general, a more sustainable industry [1] . More studies on the environmental burden caused by this growing industry and its effects on sustainable development are thus necessary.
The main objective of this study is to quantify the resource use due to mariculture production in the city of Ningde, one of the main centers of mariculture production in China. For this purpose, we conducted a life cycle assessment (LCA) of the main mariculture products farmed in the area and calculated the amount of resources required in their production. The analysis of these results will raise the current challenges and opportunities in resource use and management in the systems under study. The findings of this case study also aim to serve as a reference of the current trends of the environmental impacts of mariculture in China.
Materials and Methods

Study Area
Ningde city (N 26 • 39 42 E 119 • 31 23 ) is a coastal prefecture-level city located in Fujian province (Figure 1 ). The total aquaculture production in its coastal and marine areas accounts for 20% and 4.5% of the total coastal and marine aquaculture production in Fujian and China, respectively [22] . A wide complex of farms is currently installed in the sea and its surrounding areas, and approximately 475 km 2 of the sea surface is occupied by mariculture systems [22] . Although there are a few commercial farms, most farms are managed by individual households who sell their products to the local markets and Sustainability 2019, 11, 1396 3 of 21 intermediary traders. A wide variety of animal and seaweed species are farmed in the sea, including many characteristic products of the area. Many of these products have high socioeconomic importance among the local agricultural products as they constitute one of the main sources of income of a big proportion of the local population. However, to the best of our knowledge, very few environmental assessments of this rapidly growing industry have been conducted. products have high socioeconomic importance among the local agricultural products as they constitute one of the main sources of income of a big proportion of the local population. However, to the best of our knowledge, very few environmental assessments of this rapidly growing industry have been conducted. Figure 1 . Study area. The prefecture-level city of Ningde comprises a group of districts and counties, of which Fuding city (A), Xiapu County (B), Fu'an city (C), and Jiaocheng district (D) are next to the sea and were included in our assessment. A total of 321 households were randomly sampled in the area in August 2017 and January 2018, and we analyzed the data from 292 households that had mariculture production during 2016.
Survey Data
We conducted a survey in August 2017 and January 2018 in which we interviewed a total of 321 households in the four coastal administrative districts of Ningde (Figure 1) . During the survey, we selected the household heads or their spouses as interviewees because they are most familiar with the farming practices. We surveyed household demographic information (e.g., household size, educational level, gender, education) and aquaculture production data (e.g., products, farmed area, production volume, unit price, gross income, and material and labor expenditures). In this study, we focused on the main mariculture products farmed in the area during 2016. From these households, we chose those products that account for more than 2% of the total number of records (mixed finfish was excluded because it includes many species). A total of six products were thus included in our assessment: Large yellow croaker (Larimichthys crocea), sea cucumber (Apostichopus japonicus), abalone (Haliotis spp.), laminaria (Laminaria japonica, commonly referred to as kelp), gracilaria (Gracilaria spp.), and porphyra (Porphyra spp., commonly referred to as nori) (Table 1) . For large yellow croaker and sea cucumber, products were further classified into categories according to the type of feeds reported in the survey. The prefecture-level city of Ningde comprises a group of districts and counties, of which Fuding city (A), Xiapu County (B), Fu'an city (C), and Jiaocheng district (D) are next to the sea and were included in our assessment. A total of 321 households were randomly sampled in the area in August 2017 and January 2018, and we analyzed the data from 292 households that had mariculture production during 2016.
We conducted a survey in August 2017 and January 2018 in which we interviewed a total of 321 households in the four coastal administrative districts of Ningde (Figure 1) . During the survey, we selected the household heads or their spouses as interviewees because they are most familiar with the farming practices. We surveyed household demographic information (e.g., household size, educational level, gender, education) and aquaculture production data (e.g., products, farmed area, production volume, unit price, gross income, and material and labor expenditures). In this study, we focused on the main mariculture products farmed in the area during 2016. From these households, we chose those products that account for more than 2% of the total number of records (mixed finfish was excluded because it includes many species). A total of six products were thus included in our assessment: Large yellow croaker (Larimichthys crocea), sea cucumber (Apostichopus japonicus), abalone (Haliotis spp.), laminaria (Laminaria japonica, commonly referred to as kelp), gracilaria (Gracilaria spp.), and porphyra (Porphyra spp., commonly referred to as nori) (Table 1) . For large yellow croaker and sea cucumber, products were further classified into categories according to the type of feeds reported in the survey. 
Description of the Aquaculture Production Process
The main aquaculture production chain has four stages: Broodstock collection, seed production, seed nursery, and juvenile grow-out. Broodstock is first collected from natural or aquaculture stocks and transported to a hatchery, where fry, spats, and sporelings are produced in controlled conditions. The seeds are either kept in the hatchery for nursery before being transported to farms for grow-out or sold directly to nursing farms outside the hatchery. Transport is done via small lorries and boats, which carry the seeds in plastic bags or water tanks to the farms for nursery or grow-out.
In Ningde, grow-out stages are completed on marine farms (for sea cucumber and abalone, other systems are also commonly used in other provinces of China, see [23] and [24] ). Cage farms are used for animal species while raft farms are used for seaweed. The cage system for finfish consists of a wooden grid where fish is farmed inside a net layer which hangs into the water between the frames. For non-finfish animals, the cage system consists of a plastic cage, which holds a number of individuals inside. Besides the frames, cage farms usually include areas where auxiliary tools and machinery are kept. The raft system consists of a group of ropes with attached seaweed seeds deployed in the sea surface. This system usually uses plastic bottles to float and a mooring system keeps the farms in a fixed location. In Ningde, most products are farmed in monoculture systems. However, some farms have polyculture systems where many species are produced together, particularly finfish farms. For instance, in some farms, the large yellow croaker is produced together with black porgy (Sparus macrocephlus) and rainbow trout (Oncorphynchus mykiss) in multi-layer nets.
In the production of animal products, an active trade of intermediate products (juveniles of various sizes) exists. Some farmers often buy seeds and small juveniles to farm them for a period of time, and then sell them as a larger juvenile, depending on the season and the species. In particular, the juveniles of sea cucumber and abalone are commonly traded and transported to areas where the seawater temperature is more adequate for further growth. They are usually transported to northern provinces during summer and to southern provinces during winter [24, 25] .
One of the main inputs required for animal species is the feedstuff and it can be classified into two types: Formulated feed and artisanal feed. The formulated feed is manufactured by an external company from processed ingredients based on a specific formula. There is a wide variety of feeds available in the market, ranging from generic feeds to highly specific feeds. All these can differ in price, quality, and composition. The artisanal feed is produced on-site by the farmers themselves based on ingredients with minimal processing. Differences in the composition of artisanal feed can also vary widely due to the availability and quality of ingredients in each case.
As a process that is highly dependent on the ecosystem, local mariculture production can be highly heterogeneous. Natural factors, such as weather, season, and geographical location, all have a significant influence on the process. Other factors, such as the availability of inputs, equipment, infrastructure, and personal practices, in each stage of the production chain also have effects on the production process.
Life Cycle Assessment Model
Our model was based on the LCA framework, defined by the International Organization for Standardization (ISO14044) standard as the compilation and evaluation of the inputs, outputs, and potential environmental impacts of a product throughout its life cycle [26, 27] . This method has already been successfully applied to a number of aquaculture systems to measure the environmental impacts of different products through a number of indicators [28, 29] . We conducted our assessment on each of the products selected from cradle-to-farm-gate and took one live-weight ton of product as the functional unit. The main objective of our analysis was to estimate the average resource consumption of the species farmed in Ningde. Therefore, the analysis took an attributional approach and included the production of fry, spat, and sporelings in the hatchery, the nursery of seeds, the grow-out of juveniles, and the feed production ( Figure 2 ). We also included the production and supply of energy inputs, feed ingredients, transport services, and other minor inputs required in the process. Infrastructure and equipment were not included because of the high efforts needed for data collection in relation to their impact on the final values [30] . Broodstock collection was also not included due to the lack of reliable data and to the small contribution it may have on the final results. significant influence on the process. Other factors, such as the availability of inputs, equipment, infrastructure, and personal practices, in each stage of the production chain also have effects on the production process.
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Figure 2.
General diagram of the system under study. The system includes energy production (red), feed production (green), the main chain of aquaculture production (blue), and the production of other inputs (purple). The dashed line indicates the system boundary.
We constructed a life cycle inventory of mariculture production both from survey data and scientific references. We collected primary data for the grow-out stages and secondary data to model other processes, such as seed and juvenile production, feed production, and transport requirements. We used allocation by mass throughout our analysis, following recommended guidelines [31] . More Figure 2 . General diagram of the system under study. The system includes energy production (red), feed production (green), the main chain of aquaculture production (blue), and the production of other inputs (purple). The dashed line indicates the system boundary.
We constructed a life cycle inventory of mariculture production both from survey data and scientific references. We collected primary data for the grow-out stages and secondary data to model other processes, such as seed and juvenile production, feed production, and transport requirements. We used allocation by mass throughout our analysis, following recommended guidelines [31] . More details about primary data analysis, secondary data sources, and input allocation can be found in the Supplementary Materials. The life cycle impact assessment took the Cumulated Exergy Demand (CExD) as the indicator for our analysis [32] . The CExD indicator represents the exergy of natural resources required throughout the life cycle of a product. It accounts for energy inputs and non-energy inputs, such as metal ores, minerals, and water [32] . Exergy-based approaches in the LCA of aquaculture systems are relatively recent, and only a few related studies have been published to date [33] [34] [35] [36] [37] . We obtained the impacts' factors of the background processes from the Ecoinvent database (v.3.5) [38] . Although there are more comprehensive indicators, such as the Cumulative Exergy Extraction from the Natural Enviroment [39] , in this work, we did not consider them for practical reasons because no models for these indicators were available within the newest versions of the Ecoinvent database. The specific datasets and estimated values used as impact factors can be found in the Supplementary Materials.
To account for the variability of the system under study, we implemented a Monte Carlo simulation [40] in the R software (v.3.3.2) [41] . Each unit process was characterized by a set of input parameters, a geographical location, and, for the grow-out stages, a correlation matrix. We used 2000 iterations in the simulation, and included the variability of the unit processes due to inherent uncertainty, spread, and unrepresentativeness [42] . Inherent uncertainty was included by assuming a coefficient of variation of 5% [36] , spread was calculated from primary and secondary data, and unrepresentativeness was addressed by using the Pedigree approach [43, 44] . The correlation between process chains was included by using dependent sampling in each iteration [45] , and the correlation between process variables was addressed by using copula functions (package "copula" [46] ) to model the relationship between the variables of a unit process.
To model the correlation among variables of a unit process in the LCA, we used copula functions to obtain the correlated instances in each Monte Carlo iteration. A copula is a multivariate probability distribution function represented by two or more uniform marginal probability distributions [47] . A process unit can thus be modeled in terms of the univariate marginal distributions of each parameter and a copula function, where the former describes the distribution of the individual random variables and the latter describes the relationship between these variables. To describe the correlations between the unit process variables in the simulation, we employed the Spearman's rank correlation coefficient. We included correlations among the variables in the grow-out stages by using the correlation matrix from our primary data, and assumed the correlations among the variables for the other processes to be zero. Because our data were not sufficient to fit an optimal copula among the existing functions, we obtained correlated instances using a t-copula.
Although some previous studies [48, 49] have included correlations among process variables in the LCA, it is not a standard practice. Consequently, we constructed two versions of the LCA model, where correlations among variables were ignored in one (uncorrelated model) and included in the other (correlated model). We ran each version 100 times to estimate the variability of the median and the standard error of the total exergy demand for each product. We used identical random sampling in both models. We considered that the correlated model should give more accurate estimates, and we thus showed and analyzed the inventory and impact assessment calculated from the correlated model. These final results correspond to the mean of the 100 values calculated for each parameter.
Due to the complexity of the local mariculture industry, we had to use a number of assumptions to construct our simulation. In the model, we assumed that all the biomass increase is sold as a finished product, but in animal farming (grow-out stages), a part of the production is composed by juveniles, which do not enter the market as a fully-grown product, but are either sold to other farms or kept at the same farm for further growth. Moreover, we considered that the environmental burden of production losses (e.g., fallen stock, fish escape, etc.) are attributed to the production output. This way, the assessment reflects the performance of the farms in terms of the inputs required to obtain a given output, including losses. Furthermore, we assumed an average process for the production of seeds and juveniles with well-defined stages of growth (Table 2) . Finally, we used a sampling procedure in each iteration to specify the source of a specific input, where the probability for an input to come from a particular location was equal to the proportion of the total production volume of that location. This Sustainability 2019, 11, 1396 7 of 21 accounts for differences in the distances traveled by inputs between stages and in the impact factors of equivalent inputs in different areas (e.g., electricity). We considered this procedure only for calculation purposes and the final results (inventories and impact assessment) are shown as aggregated values. Note: * Our survey data.
Statistical Analysis
Dependent sampling allows for paired statistical tests, which gives more statistical power compared with independent sampling in the analysis of the results of Monte Carlo simulations [45] . Due to the non-normality of most of the data, we used the Wilcoxon signed-rank test to explore differences between samples. This test allows an estimate for the pseudomedian (i.e., the difference in the location parameters between two samples) to be obtained, and also establishes whether differences between samples are statistically significant.
Results
Comparison between Correlated and Uncorrelated Model Versions
The parameter estimates obtained from the correlated and uncorrelated models are different from each other for most products (see Supplementary Materials Table S21 for details). Moreover, a comparison between the models using the Wilcoxon signed-rank test shows that these differences are statistically significant in some cases. By including correlations among variables, the statistically significant median values and standard errors decreased by 1.0-6.5% ( Figure 3 ) and 2.6-18.4% (Figure 4) , respectively. The product with the biggest difference between the median values is gracilaria, followed by abalone and sea cucumber (Figure 3 ). For standard error values, considerable differences occur in sea cucumber, abalone, and gracilaria production, with a relatively small difference for large yellow croaker (Figure 4 ).
Life Cycle Inventory
The life cycle inventory reflects the different input requirements and the economic feed conversion ratio (FCR, the ratio between the total amount of feed used and the total biomass obtained) for each product (Tables 3 and 4) . For animal products, most of the material requirements are due to the feed, whereas in seaweed production, the fuel used in operation and maintenance activities constitutes the bulk of the material requirements. The inventory also shows that most farmers in Ningde have a preference towards the artisanal feed, and formulated feed is used in comparatively small quantities. Moreover, the estimates for the FCR values are high and show that the amounts of feed used are considerably bigger than the amount of biomass obtained from the process. The survey also showed that a number of chemical products are used in the area, including antimicrobials (e.g., oxytetracycline dehydrate) and probiotics (e.g., bacteria powder). However, the data available do not specify the type of chemicals used and were thus considered together as one type of input. Sustainability 2019, 11, x FOR PEER REVIEW 8 of 23 
Life Cycle Impact Assessment
The total exergy demand disaggregated by the inputs required along the process show distinct patterns for each product ( Figure 5 ). On average, feed inputs account for 45-90% of the total exergy demand in animal production, the proportion being the lowest for abalone (46%), intermediate for sea cucumber (58-71%), and the highest for large yellow croaker (87-89%). Most of this exergy demand comes from the fuel required in the production of trash fish and raw seaweed used as feed. The production of small juveniles of yellow croaker, sea cucumber, and abalone contributes 6-9%, 11-16%, and 26% of the total exergy demand value, respectively. For seaweed products, the main source of impacts comes from the use of fuel in the farming stage, accounting for 83-99% of the total exergy demand, and impacts from other inputs are comparatively small. The figure also indicates that seeds and juveniles are often produced in other areas, and that impacts due to production are thus distributed between different geographical regions. This is particularly the case for sea cucumber and abalone, whose impacts due to seed and small juvenile production are considerable when compared to their total exergy demand. The total exergy demand for each product also shows distinctive trends in terms of the central tendency and variability ( Figure 6 ). The mean and standard error values for the total exergy demand of animal production are 115 ± 86 GJ eq. and 97 ± 68 GJ eq. for yellow croaker (categories A1 and A2, respectively), 84 ± 44 GJ eq., 65 ± 46 GJ eq., and 45 ± 30 GJ eq. for sea cucumber (categories B1, B2, and B3, respectively), and 126 ± 158 GJ eq. for abalone, respectively. The corresponding mean and standard error values for seaweed production are 0.25 ± 0.32 GJ eq. for laminaria, 1.55 ± 2.83 GJ eq. for gracilaria, and 0.98 ± 1.04 GJ eq. for porphyra, respectively ( Figure 6 ). For all products, the primary resources required in the productive process come mostly from the fossil energy category (Figure 7 ). Biomass and water resources have a fair contribution for animal products, and the share of the other impact categories is comparatively low for all products. The total exergy demand for each product also shows distinctive trends in terms of the central tendency and variability ( Figure 6 ). The mean and standard error values for the total exergy demand of animal production are 115 ± 86 GJ eq. and 97 ± 68 GJ eq. for yellow croaker (categories A1 and A2, respectively), 84 ± 44 GJ eq., 65 ± 46 GJ eq., and 45 ± 30 GJ eq. for sea cucumber (categories B1, B2, and B3, respectively), and 126 ± 158 GJ eq. for abalone, respectively. The corresponding mean and standard error values for seaweed production are 0.25 ± 0.32 GJ eq. for laminaria, 1.55 ± 2.83 GJ eq. for gracilaria, and 0.98 ± 1.04 GJ eq. for porphyra, respectively ( Figure 6 ). For all products, the primary resources required in the productive process come mostly from the fossil energy category (Figure 7 ). Biomass and water resources have a fair contribution for animal products, and the share of the other impact categories is comparatively low for all products. Table 1 . The total exergy demand for each product also shows distinctive trends in terms of the central tendency and variability ( Figure 6 ). The mean and standard error values for the total exergy demand of animal production are 115 ± 86 GJ eq. and 97 ± 68 GJ eq. for yellow croaker (categories A1 and A2, respectively), 84 ± 44 GJ eq., 65 ± 46 GJ eq., and 45 ± 30 GJ eq. for sea cucumber (categories B1, B2, and B3, respectively), and 126 ± 158 GJ eq. for abalone, respectively. The corresponding mean and standard error values for seaweed production are 0.25 ± 0.32 GJ eq. for laminaria, 1.55 ± 2.83 GJ eq. for gracilaria, and 0.98 ± 1.04 GJ eq. for porphyra, respectively ( Figure 6 ). For all products, the primary resources required in the productive process come mostly from the fossil energy category (Figure 7 ). Biomass and water resources have a fair contribution for animal products, and the share of the other impact categories is comparatively low for all products. [57] . The values show the contribution of each impact category of the CExD indicator to the total exergy demand as a percentage value. For a description of the feed categories (A1-A2, B1-B3), see the footnote in Table 1 .
The comparison between categories shows that the environmental impacts in the farms that use artisanal feeds are lower in magnitude to those farms that use formulated feeds (Figure 8 ). For both large yellow croaker and sea cucumber, the results of the paired tests show a significant difference between the categories in terms of their resource consumption. (A1-A2, B1-B3 ), see the footnote in Table 1 .
The comparison between categories shows that the environmental impacts in the farms that use artisanal feeds are lower in magnitude to those farms that use formulated feeds (Figure 8 ). For both large yellow croaker and sea cucumber, the results of the paired tests show a significant difference between the categories in terms of their resource consumption. Figure 8 . Comparison between the total exergy demand values of different product categories. The figure summarizes the results of the Wilcoxon signed-rank test and shows the estimate for the pseudo-median (horizontal line) and the 99% confidence interval (whiskers). The labels indicate the categories that are being compared (e.g., A1-A2 is the difference in the total exergy demand between categories A1 and A2). For a description of the feed categories (A1-A2, B1-B3), see the footnote in Table 1 .
Discussion
We assessed the resource use in the production of the six most important mariculture products in Ningde by calculating the total exergy demand of the production process in each case. Our findings show that each product has distinctive patterns of resource use. Below we discuss these results and their main implications on resource management and environmental protection.
Local and Global Impacts of Resource Use
The source of inputs required for aquaculture production commonly include both local and remote locations, particularly when feed is required. In our analysis, remote impacts from the local mariculture industry are mainly due to the production of seeds and juveniles and of formulated feed. Remote impacts due to feed production have already been identified in many reports [58] [59] [60] , and the results of our assessment indicate that seed and juvenile production may also have impacts on remote locations.
The feed type used in mariculture production (formulated or artisanal feed) is closely related to both the magnitude and location of the corresponding environmental impacts. For artisanal feeds, most of its environmental impacts occur at a local level, because it is both produced and utilized by the local industry. Its use pollutes the water, makes farmed individuals more susceptible to diseases, The figure summarizes the results of the Wilcoxon signed-rank test and shows the estimate for the pseudo-median (horizontal line) and the 99% confidence interval (whiskers). The labels indicate the categories that are being compared (e.g., A1-A2 is the difference in the total exergy demand between categories A1 and A2). For a description of the feed categories (A1-A2, B1-B3), see the footnote in Table 1 .
Discussion
Local and Global Impacts of Resource Use
The feed type used in mariculture production (formulated or artisanal feed) is closely related to both the magnitude and location of the corresponding environmental impacts. For artisanal feeds, most of its environmental impacts occur at a local level, because it is both produced and utilized by the local industry. Its use pollutes the water, makes farmed individuals more susceptible to diseases, reduces the quality and quantity of the harvested products, and increases the pressure on wild fish resources [20, 61, 62] . On the other hand, the impacts due to the use of formulated feeds occur in remote locations, particularly in the areas where the production of its ingredients takes place. For example, the formulated feed of yellow croaker and sea cucumber have fish-derived and soybean sub-products among their ingredients. Most of the production of these ingredients occurs in North and South America and they are imported to China [63] . Therefore, there is a tradeoff between the impacts of formulated feed and artisanal feed. Artisanal feeds have comparatively higher impacts (e.g., water pollution) on the local environment. Formulated feeds, although having lower environmental impacts at the local level, generate impacts in those areas where the feed ingredients are extracted, processed, and imported to China [64] .
Seed and juvenile production also have spillover effects on remote places. For some species, many of the seeds and juveniles are produced outside the area of study [19] . This is particularly the case for sea cucumber and abalone production, both being species traditionally farmed in Northeastern China. The farmers of these products have adopted the practice of carrying out part of the grow-out stages in Southeastern China (including Ningde) during winter months, when the water temperature is more favorable for the growth of juveniles [24, 25] .
Input Management
The life cycle assessment results reflect the different trends among households in the amount and type of inputs used and their environmental impacts. In general, the variability in the amount of inputs used points to the lack of standard practices, the low degree of formal input management, and the natural variability of the process (species requirements, environmental factors, etc.). In animal farming, the use of artisanal feeds is a widespread practice in the surveyed area due to its cost, its availability, and to personal preferences. The FCR values of feed categories and the proportion between feed types suggests that formulated feed is mostly used in the production of small juveniles and that the bulk of feed requirements is thus satisfied by using artisanal feeds. Additionally, the comparison between feed categories suggests that the use of different feed types is related to different magnitudes of environmental impacts. In seaweed farming, most of the resource use and associated impacts are due to fuel usage. All these findings highlight the need to improve the management of these inputs in the local mariculture industry.
For animal products, feed constitutes the main source of resource consumption. This is consistent with previous studies, where the feed is highlighted as the main source of environmental impacts in open water systems [29] . The need to optimize the production and management of feedstuff has already been highlighted in several studies [16, 60, 65, 66] , and the high values of the estimated FCR values also point to the need to improve the efficiency of feed usage. Feed management is thus one of the key factors to enhance the performance of local cage mariculture, and not only contributes to the reduction of resource use, but also helps to attenuate other environmental impacts. Improvements in efficiency may be achieved by using polyculture systems, where the outputs and excess feed of one species can be consumed by another species. Polyculture farm designs have already been implemented in some farms of Ningde, where finfish is farmed in multilayer nets and different species are farmed in different water levels. Moreover, this design can be complemented with other measures to reduce the impacts of the farming effluents, such as the use of detritivorous fish and invertebrates to harvest organic matter from the enriched seabed, or the use of pelagic biofilters around aquaculture cages to reduce the local environmental load and obtain a valuable sub-product [9, 67] .
In the case of seaweed species, the main source of impact is the fuel required in operation activities. Fuel consumption is mainly determined by the frequency of operation activities and on the distances covered by each farmer. For some households, it also depends on the number of products a household is producing, because many households farm more than one product and different products are often not farmed in the same location. Hence, both the standardization of operations and improvements in local spatial planning can help to reduce the distances covered in the trips. To the best of our knowledge, no centralized efforts have been done to optimize local mariculture production, and spatial planning and management of the marine areas plays a key role in sustainable practices [68] . As laminaria and porphyra both constitute ingredients for feed, an efficient use of fuel in daily operations will also reduce the resource requirements for the production of other species.
Overall, individual practices and system design all play a role in the efficient management of resource use, and the results of this study point to the need to implement formal training programs and to establish and improve standard practices in farming operations. Further increases in production will make it necessary to regulate the use of feed and chemicals to preserve the integrity of the local ecosystem.
Correlation among Unit Process Variables
In our study, the model results only included the correlation among process variables in the grow-out stages, and the correlations in other processes were not considered. Nevertheless, our results show that this type of correlation may affect the estimated results, particularly in the parameters describing the variability of the system. When the variables describing the inputs and outputs of a process are correlated to each other to some extent, both the sampling space and simulation results change accordingly when LCA models account for this effect [48] . The approach we took in this study allows the integration of this correlation within the standard framework of LCA studies, where Monte Carlo simulations are often based on marginal distribution data for each variable. However, the decision of whether to include correlations among process variables in other studies should mainly depend on two factors. First, the characteristics of the specific system under study and the importance of the correlation among its variables should be considered. Previous knowledge and preliminary analyses can help to establish whether it is worthwhile to include this effect in the model. As shown in our work, the change in the results can be comparatively small in some cases, and other methodological choices may be of more relevance (e.g., allocation criteria). Second, the amount of data required should also be considered. The data required to obtain reliable estimates of the correlation coefficients is considerable, and may render this method as unfeasible in those cases where data availability is limited.
Limitations
We identified two main limitations of our results. First, we did not include human labor nor land use in the analysis. Human labor usually is not considered in the analysis of aquaculture production systems, but it is a relevant factor in the local industry because it is one of the key requirements of the production process. With respect to land and marine occupation, its importance in agriculture and aquaculture production suggests that the impacts of the local aquaculture industry are higher than our estimations, as suggested by previous studies [34, 69] . Although some indicators have been created to account for these factors [39, 70, 71] , none have been formally integrated in the most recent Ecoinvent databases and they were not considered in our analysis for practical reasons.
Second, we also acknowledge limitations in our model due to the available data and to the simplifications and methodological choices made to address time horizons, spatial variation, and system dynamics in the model. For instance, the modeling of some processes, particularly in the production of sea cucumber and abalone juveniles, is partly based on experimental data and discrepancies between our estimates and real data may exist. Likewise, unit process locations were obtained from available publications and they only constitute an estimate. Much more detailed data would be necessary to perform a more complete analysis and overcome some of these limitations, many of which arise from the inherent problems of the LCA framework [27] . Despite these shortcomings, we consider that our results constitute a representative estimate of the environmental impacts of the local mariculture due to resource use.
Future Research
We identified several issues for further investigation. First, future research should conduct a more comprehensive assessment by including other indicators (e.g., eutrophication, seafloor damage, biodiversity loss, and microplastic pollution) that may be relevant in our area of study. Such an analysis could give additional insights about the environmental impacts of the local mariculture industry.
Second, we identify the need for a systematic study about polyculture systems in the area under study. Polyculture systems are not commonly employed and an analysis of the feasibility and benefits of these systems in the local context could provide valuable input to local policy. Thirdly, future work should also explore alternative feed formulations for animal products and their environmental impacts, similar to what has already been done for salmonids [60, 69, 72, 73] . A more detailed assessment is necessary to provide concrete guidelines to produce more sustainable feeds. Such a study could also quantify the impacts of each ingredient in different locations and account for the tradeoff between local and remote impacts due to feed use. Finally, further research can also take a coupled human and natural systems approach [74, 75] to identify the causal mechanisms of the rapid expansion of Chinese aquaculture in coastal areas, and its associated environmental and socioeconomic impacts in other places around the world. This is critical to the long-term management of the local aquaculture industry as well as global sustainability.
Conclusions
The rapid growth of mariculture production in China places an increasing pressure on natural resources and is also increasing environmental damage, generating significant impacts across local, national, and global scales. Our study assessed the exergy demand of some of the main local species from a life cycle perspective to find the main environmental hotspots of the process. Our results show that the main contributors to resource use in animal and seaweed production are feed and fuel, respectively. Feed represents 45-90% of the environmental impacts of animal mariculture, and fuel accounts for 83-99% of the environmental impacts due to seaweed production. Policies oriented to improve resource management should thus take feed and fuel consumption as the main targets to guide current practices into more sustainable ones. Improvements in farm design and management can effectively reduce the resource consumption of the production process. Likewise, improvements in training programs, production standards, and spatial planning are also necessary to improve the efficiency of local mariculture production. These measures may additionally reduce other environmental and socioeconomic impacts, both at the local and global scales.
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